Alzheimer's disease (AD) is a disorder of two pathologies: amyloid plaques, the core of which is a peptide derived from the amyloid precursor protein (APP), and neurofibrillary tangles composed of highly phosphorylated tau. Protein kinase C (PKC) is known to increase non-amyloidogenic ␣-secretase cleavage of APP, producing secreted APP (sAPP␣), and glycogen synthase kinase (GSK)-3␤ is known to increase tau phosphorylation. Both PKC and GSK-3␤ are components of the wnt signaling cascade. Here we demonstrate that overexpression of another member of this pathway, dishevelled (dvl-1), increases sAPP␣ production. The dishevelled action on APP is mediated via both c-jun terminal kinase (JNK) and protein kinase C (PKC)/mitogen-activated protein (MAP) kinase but not via p38 MAP kinase. These data position dvl-1 upstream of both PKC and JNK, thereby explaining the previously observed dual signaling action of dvl-1. Furthermore, we show that human dvl-1 and wnt-1 also reduce the phosphorylation of tau by GSK-3␤. Therefore, both APP metabolism and tau phosphorylation are potentially linked through wnt signaling.
Amyloid precursor protein (APP) is a ubiquitous membranebound protein, the metabolism of which is central to the pathogenesis of Alzheimer's disease (AD). APP is cleaved at three sites, at least, by ␣-, ␤-, and ␥-secretases; ␤-and ␥-secretase cleavage together result in the amyloid ␤-peptide (A␤) that is deposited in plaques in AD and a secreted fragment of APP (sAPP␤). ␣-secretase, on the other hand, cleaves APP within the A␤ sequence, resulting in a cell-associated C-terminus sequence and a longer secreted fragment (sAPP␣) . Although cleavage at all three sites occurs in normal brain, the amyloid cascade hypothesis (Hardy and Higgins, 1992) postulates that amyloid generation is at the primary event in AD pathogenesis, presumably because of disruption of the normal balance between ␣-secretase and ␤-/␥-secretase cleavage. Mutations in the APP gene and the presenilin genes, associated with familial AD, result in increased production of total A␤ or relatively more of the longer A␤42 (Borchelt et al., 1996; Scheuner et al., 1996) , and recent evidence suggests that the presenilins either have or are tightly coupled to ␥-secretase activity (De Strooper et al., 1998; Wolfe et al., 1999) . Multiple lines of evidence have demonstrated that the metabolism of APP by ␣-secretase is regulated at least partially by PKC (Nitsch et al., 1992; Hung et al., 1993; Slack et al., 1993; Mills and Reiner, 1999) . Increasing PKC activity results in increased sAPP, and decreased A␤ production results in non-neuronal cell lines (Buxbaum et al., 1993; Hung et al., 1993 ) and brain (Savage et al., 1998) , although in neurons in culture both sAPP and A␤ may increase (LeBlanc et al., 1998) .
Although PKC regulates ␣-secretase processing, the mechanism for this is not known. PKC contributes to diverse signaling pathways, including MAP kinase signaling, and MAP kinase inhibitors attenuate muscarinic-induced sAPP secretion (Haring et al., 1998) , suggesting that the PKC effect on sAPP␣ production is via MAP kinase. PKC also transduces the wnt/wingless signal, resulting in glycogen synthase kinase-3␤ (GSK-3␤) inhibition (Goode et al., 1992; Cook et al., 1996) . Because GSK-3␤ has been shown to regulate tau phosphorylation in cells, including in neurons, this suggested a possible link between two critical processes in Alzheimer's disease. We therefore examined the role of wnt signaling in regulating APP metabolism and tau phosphorylation through the intermediary phosphoprotein, dishevelled.
MATERIALS AND METHODS
Cells and plasmids. C ell lines expressing either APP695wt or APP695swe were generated with complete cDNA cloned into the pcDNA3(Ϫ) (Invitrogen, San Diego, CA) vector with the addition of a Kozak sequence at the 5Ј end to enhance expression. The resulting vector containing APP695 cDNA was transfected into human embryonic kidney (H EK)293 cells using Transfectam (Life Technologies) according to the manufacturer's instructions. Stable transfectants were selected and maintained in culture with 500 g /ml geneticin sulfate, G418 (Life Technologies). Ten independently selected clones were analyzed for APP expression and A␤ production. C ells were grown in a 50% (v/ v) mixture of N UT 12 (HAM with glutamine) and DM EM with H EPES modification. Media also contained 10% (v/ v) FBS, glutamine (100 I U/ml), penicillin -streptomycin, and geneticin (0.5 mg /ml) (Sigma, Poole, UK).
A f ull-length cDNA clone of human dishevelled 1 (gift from G. Novelli, Universita Tor Vergata, Rome) was tagged with a c-myc epitope at the C terminus and subcloned into pCIneo (Promega, Madison, W I). A 65 mer oligonucleotide primer was prepared (Oswel, Southampton, UK) containing a NotI site, followed by a stop codon, then a 30 base pair sequence encoding the c-myc epitope, a BamHI site, and 20 base pairs from the 3Ј end of the human dishevelled 1 (hdvl-1) gene before the stop codon. PCR was used to construct a dvl-1-myc f usion using the above primer with a 20 mer primer at positions 1872-1891 from the human dvl-1 sequence. The PCR fragment generated was cloned into pT7 (Novagen, Madison, W I), and the fidelity of the PCR fragment was confirmed by DNA sequencing. Double digestion with NotI and FseI generated a 3Јhdvl1-myc 0.3 kb fragment, which was ligated to a 1.7 kb 5Ј EcoRI-FseI fragment and pCIneo, previously digested and linearized with EcoRI and NotI (Promega). The entire coding sequence of the hdvl1 clone was sequenced.
The 3Ј end of human dvl-2 was cloned from a human cerebellum cDNA library. The resulting PCR product was digested with N H E1 and BAM H1 and ligated to a 2.2 kb BamHI and X HO1 digested PCR fragment cloned from a separate cDNA hippocampal library containing the entire 5Ј end of dvl-2. The resulting ligated complete cDNA was subcloned into pCIneo. Full-length human dvl-3 was a gift of Dr. Pizutti (Universita de Milano, Milan) and was subcloned into pCIneo between EcoR1 and NotI. The PCR products and the completed ligation product were sequenced at every step to ensure that the whole gene was contained in the plasmid and that its orientation was correct.
Other constructs that were used encoded the kinases GSK-3␤ (L ovestone et al., 1994), JN K-3, and p38 M AP kinase (a gift from B. Z anke, Ontario C ancer Institute, Toronto), as reported previously. A plasmid encoding for JN K inhibitory protein (JI P-1; a gift from R. Davies, Howard Hughes Medical Institute, Worcester, UK), previously shown to inhibit JN K signaling (Dickens et al., 1997) , was used in some experiments. A human c-myc-tagged Wnt-1 construct (Wnt-1-myc) subcloned into the expression vector pcDNA3.1, as described previously (Naylor et al., 2000) , was a kind gift from T. Dale (Institute of C ancer Research, L ondon).
Transfections and chemical treatments. C ells were transfected using Lipofectamine (Life Technologies, Paisley, UK) according to manufacturer's protocol. In each experiment control cells were transfected with empty vector. Transfection medium was left on the cells overnight and then replaced with OP TIM EM (Life Technologies) for an additional 24 hr. Medium was removed, and cells were incubated in 1 ml of fresh OP TIM EM for 1 hr; these 1 hr incubation samples were harvested for analyses. In some experiments, cells transfected with dvl-1 were incubated in OP TIM EM containing one of the following reagents: a PKC inhibitor, bisindolylmaleimide-I, used at 1 and 10 M; a compound that prevents the activation of M AP/ ERK kinase (Alessi et al., 1995) , PD98059, used at 10 and 20 M; a p38 kinase inhibitor, PD169316, used at 89 nM; a PKC activator, phorbol-12-myristate-13-acetate (TPA), used at 150 nM (C -N Biosciences, Nottingham, UK); and the GSK-3␤ inhibitor, lithium chloride (Sigma, Poole, UK), used at 25 mM.
Protein anal ysis. After the 1 hr incubation period, media was removed from the cells and centrif uged for 5 min at 121 ϫ g. The supernatants were desalted using NAP10 columns (Amersham Pharmacia Biotech, Buckinghamshire, UK), then concentrated using a Speed Vac (Savant Instruments). The concentrates were dissolved in Laemmli sample buffer, boiled for 5 min, separated by SDS-PAGE, and transferred to nitrocellulose membranes. These were immunoblotted using the APP monoclonal antibody 22C11 (Boehringer Mannheim, Mannheim, Germany). In some instances membranes were immunoblotted using either a sAPP␣-specific monoclonal antibody (6E10; Senetek) or a rabbit polyclonal antiserum (G26) that specifically recognized sAPP␤, which was raised against the neo C terminus of wild-type sAPP␤ (ISEV K M). Blots were developed using ECL reagents (Amersham Pharmacia Biotech).
In some experiments cell lysates were prepared. Media was removed from the cells, which then were washed with PBS and homogenized in Laemmli sample buffer. These samples were then boiled for 5 min before SDS-PAGE and immunoblotting with the APP antibody, 22C11.
Media samples were assayed for A␤40 and A␤42 using a characterized sandwich ELISA. The A␤40 and A␤42 were captured using the Ban50 antibody and detected using BA27 HRP and BC05 HRP antibodies, respectively; imaging was performed using peroxidase substrate/solution (K irkegaard and Perry Laboratories). A␤42 as a percentage of A␤40 was then calculated .
P ulse-chase e xperiments. C ells were plated on 60 mm dishes and grown to 95% confluency. They were then transiently transfected with Dvl-1 myc or with pcI Neo as described above, after which they were preincubated in methionine-free, serum-free media for 15 min. The cells were then incubated with 100 Ci of [ 35 35]methionine (New England Biolabs) in fresh OP TIM EM for 30 min, washed, and then incubated in fresh OP TIM EM. At 0 min, 1 hr, and 4 hr, cells were harvested by washing three times with chilled PBS and were then scraped into chilled PBS. The cells were then pelleted by centrif ugation at 13,000 rpm for 5 min, and the pellets were lysed in lysis buffer (Tris base, 50 mM; NaC l, 150 mM; EDTA, 1 mM; Triton X-100 1%; PMSF, 142 mM; protease inhibitor cocktail tablet, one per 7 ml; Roche, Hertforshire, UK) for 20 min on ice. The lysates were centrif uged at 14,000 rpm for 10 min. The supernatants were cleared by incubating with Sepharose AG beads (Autogen Bioclear) for 1 hr at 4°C on a roller. After centrif ugation to pellet out the beads, 20 l of 22C11 was added to the cleared supernatants (after a Bradford assay was performed to ensure that there was equal protein content in each tube) and incubated overnight at 4°C on a roller. Sepharose AG beads were added to each tube and incubated for 2 hr at 4°C on a roller. The bead conjugates were then pelleted by centrif ugation at 13,000 rpm for 5 min, washed three times with lysis buffer, and then dissolved in 2ϫ SDS Laemmli buffer. They were then boiled for 10 min and centrif uged for 5 min at 13,000 rpm. The supernatants were separated by SDS electrophoresis, the gels dried down and then exposed to phosphorimaging, and the integrated intensity of the band per unit area was measured.
Immunoc ytochemistr y. In some experiments, dvl-1-transfected cells were plated onto coverslips and fixed in ice-cold methanol. The efficiency of dvl-1 transfection was assessed by immunofluorescence, using an anti-dvl-1 polyclonal antibody raised against a 15 amino acid sequence selected from the C -terminal DEP domain (amino acids 556 -571) of human dvl-1. In experiments to determine wnt signaling, ␤-catenin was visualized with a polyclonal antibody recognizing human ␤-catenin (Transduction), and wnt-1-myc was visualized with a monoclonal antibody recognizing the myc tag (9E10, Sigma).
Anal ysis of data. Western blots were scanned and quantified using Bio-Rad Quantity One densitometry software, and data were analyzed by unpaired Student's t tests assuming unequal variance using the software package SPSS. For every experiment the amount of sAPP in the experimental situation relative to sAPP in the control for each individual blot was calculated (thus normalizing control values to 1).
RESULTS

Dishevelled increases sAPP secretion in non-neuronal cells.
Human HEK293 cells stably overexpressing full-length human wild-type APP 695 were used to examine the effects of manipulating the wnt pathway on APP metabolism, secreted APP species being readily detectable from the medium of this cell line. First, these cells were transiently transfected with cDNA coding for hdvl-1, a component of the wnt pathway that when activated by an external wnt signal or by overexpression results in decreased activity of GSK-3␤ on its substrates (Anderton et al., 2000) . sAPP secretion from control cells overexpressing APP (and transfected with empty vector) and from the same cell line transiently transfected with cDNA coding for dvl-1 were compared by immunoblot analysis. sAPP secretion by dvl-1-transfected cells was twice that of cells not expressing dvl-1 (combined results from repeated experiments; n ϭ 10; p Ͻ 0.001) (Fig. 1 ). This increase in sAPP in the medium is all the more remarkable because the change must be attributable only to that fraction of cells expressing dvl-1. We determined dvl-1 expression using both Western blotting and immunofluorescence microscopy using the dvl-1 antibody; ϳ30% of cells expressed dvl-1, and neither the proportion nor the amount of dvl-1 protein showed substantial changes between experiments (data not shown).
We then examined the effects of human dvl-2 and dvl-3 on APP secretion. In parallel experiments, transient expression of all three human isoforms of dvl resulted in an increase in sAPP secretion into the media (n ϭ 10; p Ͻ 0.05 in all three cases) ( Fig.  1 ). There were no significant differences between the different isoforms.
Dvl-1 stimulates ␣-secretase activity
The increase in sAPP observed could have been caused by an effect of dvl-1, either directly or indirectly, on an APP-secretase activity, or because dvl-1 transduces signals to transcription factors, could have been caused by an increase in overall expression of APP. However, cell-associated APP in lysates from cells did not significantly change in response to overexpression of dvl-1, suggesting that the effect was indeed mediated through altering secretase activity on APP (Fig. 2 A) .
To confirm this we performed a pulse-chase experiment comparing the turnover of sAPP in cells transfected with empty vector with those transfected with dvl-1. Neither the amount nor the turnover of sAPP was altered by expression of dvl-1 in the first hour, the period when sAPP␣ generation doubles. An increase in the turnover of sAPP was apparent in dvl-1-transfected cells by 4 hr, in line with the findings above and indicating increased metabolism of APP (Fig. 3) .
APP is metabolized by at least three proteolytic activities, and although we expected that the majority of sAPP generated was as a result of ␣-secretase cleavage, it was possible that the effect we observed was mediated by increased secretion of APP species metabolized by other secretases. We examined this using antibodies specific to APP cleaved by ␣-secretase (6E10) and ␤-secretase (G26; Glaxo Wellcome). In each experiment we found that although the amount of ␣-secretase-cleaved sAPP species increased in the media, no effect was seen on ␤-secretase species (Fig. 2 B) .
The Swedish ((K670N/M671L)) mutation in APP associated with familial AD increases the metabolism of APP by ␤-secretase at the expense of ␣-secretase (Haass et al., 1995; . We therefore examined the effect of dvl-1 on APP metabolism in HEK293 cells stably expressing APPswe. First, we confirmed that in these cells there is proportionally less sAPP␣. Medium from wild-type cells had more than twice the amount of sAPP␣ (as measured using densitometry with the antibody 6E10) than medium from Swedish cells, despite near equal loading of total cell-associated sAPP (Fig. 4 A) . However, transient transfection of dvl-1 in these cells had the same effect as in wild-type cells, resulting in an increase in sAPP and specifically in a substantial increase in sAPP␣ and not sAPP␤ (Fig. 4 B) . We then went on to examine the production of amyloid peptides A␤40 and A␤42 generated in these cell lines by ELISA using the BAN50/BA27 BAN50/BC05 combination of antibodies, respectively . The mean value of neither A␤40 nor A␤42 significantly differed in HEK293 cells expressing only APPswe compared with the same cells transiently transfected with dvl-1 (ratio of A␤42/40 0.08 vs 0.06; nonsignificant difference). Previously in non-neuronal cells the generation of A␤ peptide has been shown to have a reciprocal relationship with that Figure 2 . Dvl-1 increases sAPP␣ but not total APP expression or sAPP␤ secretion. Transfection of dvl-1 had no effect on the total expression of APP as assessed by the N-terminal antibody 22C11 when used to probe cell lysates ( A). Transfection of dvl-1 resulted in an increase in sAPP produced by ␣-secretase but not those products resulting from ␤-secretase processing, as demonstrated by Western blots of concentrated media using antibodies specific for each ( B).
Figure 3. Dvl-1 has no effect on the rate of turnover of halo-APP. Cells stably expressing APPwt with and without transient dvl-1 transfection were compared using metabolic labeling and pulse chase. Cells were incubated in methionine-free medium followed by incubation in 35 Smethionine-containing medium. At baseline and at 2 and 4 hr after the pulse, APP was immunoprecipitated from lysed cells using 22C11 and halo-APP quantitated by autoradiography and densitometry. No significant differences at any time point were observed (n ϭ 3), demonstrating that dvl-1 does not affect turnover of total APP. of the sAPP␣ peptide (Gabuzda et al., 1993) . However, this relationship between "amyloidogenic" metabolism and "nonamyloidogenic" metabolism was not preserved in neurons or in neuroblastoma cell lines (Dyrks et al., 1994; LeBlanc et al., 1998) , suggesting that A␤ generation in some cell types may not be coupled to sAPP generation. To determine whether this was the case in the stable cell line that we were using, the HEK293 APPswe cells were treated with phorbol ester and A␤40 quantified by ELISA, and in the same cells, sAPP was measured in the medium by immunoblotting using 22C11. A significant reduction in A␤40 was seen with 1 m TPA treatment (44% reduction; p Ͻ 0.0005; n ϭ 6) coupled with an increase in sAPP as expected. At a lower concentration of TPA (150 nM), a small and nonsignificant reduction in A␤40 was observed (20% reduction) despite an increase in sAPP being apparent on Western blots. The different concentrations of TPA did not affect the amount of sAPP in the medium (6.6 vs 5.1; n ϭ 8; NS). These data demonstrate that the generation of APPs is more sensitive, at least in these cells, to signaling changes than the generation of A␤. We were unable to detect A␤ in medium from APPwt cells consistent with previous findings that A␤ generation is minimal in similar cell lines.
The action of dishevelled signaling on sAPP is not mediated via GSK-3␤
Because the wnt signal is transduced via dishevelled, resulting in the inhibition of GSK-3␤, we examined the effects of both overexpression of GSK-3␤ and inhibition of GSK-3␤ on sAPP secretion. We predicted that inhibition of GSK-3␤ with lithium (Klein and Melton, 1996) would mimic the dvl-1 signal, leading to an increase in sAPP secretion. However, this was not the case, and lithium did not increase sAPP secretion (n ϭ 4; nonsignificant change) (Fig. 5A) . Furthermore, overexpression of cDNA for human GSK-3␤ did not affect the secretion of sAPP into the medium (Fig. 5B) .
The action of dishevelled on sAPP is mediated via PKC/MAP kinase and by JNK signaling Because the dvl-1 effect on ␣-secretase was not mediated, as we had predicted, via GSK-3␤, we examined other pathways thought to be involved in dvl-1 signaling. Wnt signaling is transduced through dvl-1 and PKC (Cook et al., 1996) . PKC participates in the signaling of diverse cascades, including the MAP kinase pathway via MAP kinase kinase (MEK) and MEK kinase (MEKK). The JNK pathway is analogous to the MAP kinase pathway and can also be triggered by MEKK (Hirai et al., 1996) as well as by dishevelled (Boutros et al., 1998; Li et al., 1999) . To determine which if any of these kinases transduces a dvl-1 signal to ␣-secretase, we attempted to block a dvl-1-mediated increase in sAPP␣ using an inhibitor of PKC (bisindolylmaleimide-I), a specific inhibitor of MEK activation (PD98059), and a specific inhibitor of p38 MAP kinase (PD169316). To block potential JNK effects, cells were cotransfected with both dvl-1 and cDNA coding for the JNK regulatory protein JIP-1 (Dickens et al., 1997) . Data shown in Figure 6 are normalized relative to the amount of sAPP␣ secreted by cells transfected with dvl-1 alone. Each experiment was repeated four times, and the proportion of sAPP secreted by cells expressing dvl-1 in the presence of kinase inhibition was expressed relative to sAPP␣ secreted by cells transfected with dvl-1 in the absence of kinase inhibitor in that particular experiment. The results were highly reproducible and demonstrated a Ͼ50% reduction in sAPP␣ after inhibition of PKC, prevention of MAP kinase activation, or inhibition of JNK signaling. In contrast, PD169316, a p38 MAP kinase inhibitor, reduced dvl-1-mediated sAPP␣ secretion by only 30% (not significant) (Fig. 6) . In other experiments the inhibitors alone had no effect on sAPP generation (data not shown).
We then determined whether activating these pathways would increase sAPP␣ secretion in these cells (Fig. 7) . HEK293 wtAPP 695 cells were stimulated with TPA to activate PKC or transfected with cDNA coding for p38 kinase or for JNK-3. In results complementary to the inhibitor studies, we found that p38 MAP kinase failed to induce sAPP␣ secretion, whereas increases in PKC and JNK activity both significantly increased sAPP secretion more than twofold ( p Ͻ 0.05).
Human dishevelled reduces the phosphorylation of tau mediated by GSK-3␤
Previously, murine dishevelled was shown to reduce GSK-3-mediated tau phosphorylation (Wagner et al., 1997) . To establish whether human dishevelled had equivalent activity, we cotransfected cDNA coding for tau and GSK-3␤ into CHO cells with and without cDNA coding for human dvl-1. With use of a polyclonal phosphorylation-independent antibody (Dako Ltd., Cambridge, Inhibition of GSK-3␤ with lithium, mimicking the dvl signal, did not increase sAPP␣ production ( A), and overexpression of GSK-3␤, countering the dvl signal, did not reduce sAPP␣ ( B) . In all cases, densitometry data are normalized relative to controls for each individual experiment. UK), tau expressed in CHO cells generates multiple bands representing endogenous kinase activity in these cells producing differently phosphorylated species (Fig. 8) . Coexpressing GSK-3␤ resulted in a change in electrophoretic mobility, tau now appearing predominantly as a slowly migrating band. Cotransfecting dvl-1 in addition to GSK-3␤ increased the electrophoretic mobility of tau to a modest extent, indicating a probable reduction in phosphorylation. This was confirmed using a panel of phosphorylation-specific monoclonal antibodies. This was most obvious with the antibody PHF-1, which recognizes an epitope of tau (Ser 406) only when highly phosphorylated. Tau expressed in CHO cells alone was not recognized by PHF-1, although it was recognized when GSK-3␤ was also expressed. Despite equivalent levels of GSK-3␤ protein (as demonstrated by the antibody TPK1), cotransfection of dishevelled together with GSK-3␤ and tau eliminated recognition by PHF-1. There were no obvious differences between dvl-1, -2, and -3.
A less pronounced increase in phosphorylation of tau in cells cotransfected with GSK-3␤ was observed with AT8 labeling, which was reversed in cells transfected with dvl-1, -2, or -3 in addition to GSK-3 and tau. Similarly TAU1, which requires its epitope in tau [which overlaps with that of AT8 (Biernat et al., 1992; Goedert et al., 1995) ] in a nonphosphorylated state, labeled tau less well in GSK-3␤-transfected cells, but this effect was reversed when dvl-1, -2, and -3 were also expressed. Dishevelled cotransfection with GSK-3␤ also reduced, compared with GSK-3␤ alone, the intensity of recognition by the monoclonal antibodies 12E8, AT180, and AT270, recognizing tau phosphorylated at epitopes Ser262/356 , Thr 231 (Goedert et al., 1994) , and Thr 181 (Goedert et al., 1994) , respectively. The effects of dishevelled in attenuating the GSK-3␤-mediated increase in recognition by these antibodies was less marked than that for PHF-1, and each of the isoforms of dishevelled (dvl-1, -2, and -3) reduced the GSK-3␤ increase in tau phosphorylation without any striking differences between isoforms being apparent.
Wnt-1 inhibits phosphorylation of tau by GSK-3␤ and increases sAPP generation
Dvl-1 is activated after receipt of the wnt signal, transduced through the frizzled receptor. We therefore examined the effect of wnt-1 signaling directly on tau phosphorylation and APP processing. To generate a wnt signal, we transfected native HEK293 cells with cDNA coding for human wnt-1 and assayed the generation of wnt signaling by determining ␤-catenin intracellular localization by immunocytochemistry. Wnt signaling and dvl-1 activation have been shown to stabilize and induce nuclear translocation of ␤-catenin, the final effector of the signal (Kikuchi, 2000) , and we therefore used ␤-catenin as an assay of wnt function (Van Gassen et al., 2000) . Untransfected HEK293 cells displayed ␤-catenin immunoreactivity colocalizing with the cell boundary. Cultures transfected with wnt-1 showed increased cytoplasmic and nuclear ␤-catenin consistent with receipt of the wnt signal. Interestingly, cells expressing wnt-1 and adjacent cells both showed ␤-catenin nuclear translocation, consistent with wnt-1 being a secreted protein. These cells were then transfected with cDNA coding for tau alone, for tau and GSK-3␤, and for tau, GSK-3␤, and either wnt-1 or dvl-1. As before, dvl-1 expression reduced the intensity of the slow migrating band of tau recognized by TP70 and the phosphorylation-specific antibodies AT180 Figure 6 . The dvl-1 effect on sAPP␣ secretion is blocked via inhibition of PKC/MAP kinase and JNK. HEK293 wtAPP 695 cells were transfected with dvl-1 and treated with a PKC inhibitor (bisindolylmaleimide-I), an inhibitor of MEK/MAP kinase signaling (PD98059), and an inhibitor of p38 (PD169316), and cotransfected with JIP-1, an inhibitor of JNK signaling. The secretion of sAPP␣ was assessed by immunoblotting ( A) and measured by densitometry (B) (n ϭ 4; error bars ϭ SEM). Transfection of dvl-1 increased sAPP␣ secretion, but this increase was substantially reduced by PKC and MAP kinase signaling inhibition but unaffected by p38 MAP kinase inhibition. Inhibition of JNK signaling had a partial effect on sAPP␣ secretion. In all cases, densitometry data are normalized relative to controls for each individual experiment. *p Ͻ 0.05; **p ϭ 0.005. Figure 7 . PKC/MAP kinase and JNK increase sAPP␣ production. Endogenous PKC in HEK293 wtAPP 695 cells was activated with phorbol ester, and the same cells were also transfected with plasmids encoding p38 MAP kinase and JNK-3. The secretion of sAPP␣ was assessed by immunoblotting ( A) and measured by densitometry ( B). Activation of PKC and transfection of JNK-3 increased sAPP␣ production, whereas p38 MAP kinase transfection had no effect. These results are exactly complementary to those of Figure 6 and demonstrate an effect of PKC/MAP kinase and JNK-3 on sAPP␣. In all cases, densitometry data are normalized relative to controls for each individual experiment. *p Ͻ 0.05; **p ϭ 0.005. and PHF-1. Wnt-1 transfected cells showed a similar reduction indicating that wnt-1, like dvl-1, attenuated GSK-3␤ phosphorylation of tau. We then transfected HEK293 cells stably expressing human APP695 with cDNA coding for wnt-1 and measured sAPP secretion into the medium as before. Wnt-1 expression, like dvl expression, resulted in a 40% increase in sAPP generation [10.1 (SD 2.1) vs 14.0 (SD 0.8); n ϭ 2; p ϭ 0.02] (Fig. 9) .
DISCUSSION
The regulation of APP metabolism has been a matter of intense scrutiny since it was demonstrated that peptides from this protein form the amyloid of the senile plaque in AD. There are at least two distinct metabolic routes whereby APP is metabolized: ␤-and ␥-secretase cleavage together result in the peptide that is deposited in plaques, whereas most secreted sAPP is generated by ␣-secretase. The ␤-secretase has been isolated [␤-site APPcleaving enzyme (BACE)] (Hussain et al., 1999; Sinha et al., 1999; Vassar et al., 1999; Yan et al., 1999) , and some evidence has suggested that ␣-secretase is a member of the ADAMs (a disintigrin and metalloprotease) family (Parvathy et al., 1998; Hooper et al., 1999; Lammich et al., 1999; Racchi et al., 1999) . We now demonstrate that dishevelled increases the generation of ␣-secretase-cleaved APP because dvl-1, -2, and -3 all increase sAPP␣ secretion into the medium both significantly and substantially. The magnitude of the increase in sAPP␣ appears similar to that induced by activation of PKC. However, in the model that we have used, dishevelled is expressed in only a proportion of cells (ϳ30%), whereas the activation of PKC applies to all cells. Therefore, the effect of dishevelled on individual cells must be considerably greater than that of PKC alone. The increase in sAPP␣ after dvl-1 expression is caused by increased release of ␣-secretase-cleaved APP and not increased release of ␤-secretase-cleaved APP, as shown by immunoblotting using antibodies specific to sAPP␣ and sAPP␤. Neither can the finding be attributed to an increased expression of total APP because the amount of APP associated with the cells did not change after expression of dvl-1. Figure 8 . Dishevelled decreases GSK-3␤ phosphorylation of tau. Tau was transiently expressed in CHO cells alone, together with cDNA for GSK-3␤ and together with both GSK-3␤ and dvl-1, dvl-2, or dvl-3. GSK-3␤ increased phosphorylation of tau as recognized by a decreased mobility on SDS-PAGE when examined using the phosphorylationindependent antibody (Dako) and a change in recognition by phosphorylation-dependent antibodies. When dvl-1, dvl-2, or dvl-3 was also expressed, tau mobility increased relative to that of GSK-3 cotransfected cells but did not return to the same pattern as tau in the absence of GSK-3. Recognition by the phosphorylation-dependent antibody PHF1 was abolished and that of the other phosphorylation antibodies markedly reduced (or in the case of TAU1, increased). Expression of GSK-3␤ is indicated by the antibody TPK1. Moreover, the observation that sAPP␣ was increased in cell lines bearing the Swedish mutation in APP points toward increased ␣-secretase activity rather than increased secretion of sAPP␣. This mutation increases ␤-secretase at the expense of ␣-secretase, thereby increasing the generation of A␤. The observation that increased sAPP secretion after dvl-1 transfection is caused by sAPP␣ and not sAPP␤, together with the observation that the generation of A␤ was unaffected, strongly suggests that dvl-1 action is to increase ␣-secretase cleavage of APP rather than simply to increase secretion of ␣-or ␤-secretase-cleaved APP, in which case an increase in sAPP␤ would have been expected in APPswe cells.
It is unlikely that dishevelled regulates the activity of ␣-secretase directly but instead regulates the activity via a signaling pathway. It is known that dishevelled activates JNK (Boutros et al., 1998; Li et al., 1999) , and our results indicate that signaling through this route is partially responsible for the effect of dvl-1 on APP. The dvl-1-mediated increase in sAPP␣ was blocked by inhibition of JNK, and conversely, increased JNK activity mimicked the effects of dvl-1. To our knowledge this is the first demonstration of an effect of JNK on APP processing, although JNK-3 has recently been shown to phosphorylate APP (Standen et al., 2001) . However, this is not the only route whereby dvl-1 regulates production of ␣-secretase-cleaved sAPP. Inhibitors of both PKC and MAP kinase signaling blocked the dvl-1-mediated increase in sAPP␣, and increased PKC activity increased sAPP␣. These findings are in line with previous studies demonstrating that ␣-secretase activity is regulated via both PKC and MAP kinase in addition to other pathways not yet characterized (Racchi et al., 1999) .
Our findings are also compatible with previous findings in relation to dishevelled signaling. Genetic experiments suggested that the Drosophila dishevelled, dsh, is an upstream activator of JNK (Strutt et al., 1997; Boutros et al., 1998) , and transfection of dsh and mouse dvl resulted in increased phosphorylation of JNK (Boutros et al., 1998; Li et al., 1999) . However, not all dishevelled signaling is via JNK, and mutations in dsh can uncouple signaling to JNK and to ␤-catenin (Li et al., 1999) . Two lines of evidence have implicated PKC in dishevelled signaling. The wingless signal is transduced through dishevelled, a process that involves phosphorylation of dvl (Yanagawa et al., 1995; Axelrod et al., 1996 Axelrod et al., , 1998 Steitz et al., 1996) . Wingless signaling involves PKC (Cook et al., 1996) and as Lee et al. (1999) point out, a PKC-binding protein, RACK8, is highly homologous, if not identical to human dvl-3. Because CaMKII is upstream of dishevelled (Lee et al., 1999) , this suggested that PKC was downstream of dishevelled, and we have now provided the first biochemical evidence for this because dvl-1-mediated sAPP␣ was blocked by PKC inhibition.
Our results cannot be explained by a nonspecific effect of dvl-1 on sAPP␣ because we were able to exclude a role for p38 MAP kinase. We were also able to exclude GSK-3␤ from the pathway from dvl-1 to APP. GSK-3␤ is a key target of wingless signaling, and both wnt and dvl-1 have been shown to inhibit GSK-3␤ (Diaz-Benjumea and Cohen, 1994; Dominguez et al., 1995; Hedgepeth et al., 1997; Papkoff and Aikawa, 1998) ; we initially expected GSK-3␤ to be involved in the dvl-1-mediated increase in sAPP␣. APP can be directly phosphorylated by GSK-3␤ (Aplin et al., 1996) , and when this happens the cellular maturation of APP is altered (Aplin et al., 1997) . Lithium is a relatively specific inhibitor of GSK-3␤ (Klein and Melton, 1996; Stambolic et al., 1996) and would be expected to increase sAPP␣ if the dvl-1 effect were mediated via GSK-3␤. However, we observed no effects of lithium on sAPP release from cells, and conversely overexpression of GSK-3␤ failed to reduce sAPP␣ production.
Although GSK-3␤ does not alter sAPP␣ production, the fact that dvl-1 increases sAPP␣ and inhibits GSK-3␤ suggests that dishevelled might be the point through which the two pathological processes of AD are linked. In AD, neurofibrillary tangles composed largely of highly phosphorylated tau accumulate in neurons, whereas plaques are deposited extracellularly. Both lesions are invariable features of AD, and the amyloid cascade hypothesis postulates that one (amyloid) precedes another (tangles). However, although animal models generate amyloid deposition, they have not demonstrated significant accumulation of highly phosphorylated tau. One variation of the amyloid cascade hypothesis would be that some common factor influences both lesions. We now report that human dvl-1 decreases GSK-3␤ phosphorylation of tau, extending previous findings by demonstrating that this reduction is at multiple epitopes. Previously, GSK-3␤ phosphorylation of tau was shown to alter the properties of tau, reducing its ability to bind to and stabilize microtubules (Lovestone et al., 1996) . Most recently, murine dvl-1 has been shown to stabilize microtubules (Krylova et al., 2000) . Therefore dvl-1 acts as a counterbalance to GSK-3␤, reducing tau phosphorylation and enhancing stability of microtubules.
Dishevelled acts as a convergence point between wnt signaling and Notch signaling (Axelrod et al., 1996) , both processes having been implicated in AD pathogenesis through the presenilins. Thus PS-1 binds components of the wnt signaling cascade, including both GSK-3␤ and ␤-catenin, and alters ␤-catenin signaling (Takashima et al., 1998; Kang et al., 1999) . Presenilins also regulate the processing of Notch in a manner analogous to regulation of APP processing, a function altered by the familial AD mutations in PS-1 (Jarriault et al., 1995; Chan and Jan, 1999). Our Figure 10 . Dishevelled signaling increases sAPP␣ and decreases tau phosphorylation. Dishevelled has previously been shown to mediate wnt signaling and may be at an intersection between notch and wnt signaling. The demonstration that dvl-1 and wnt-1 alter both APP metabolism and tau phosphorylation suggests that wnt signaling has a role in both of the key processes involved in AD pathology.
finding suggests the scheme shown in Figure 10 , whereby dishevelled, previously shown to be a common point between Notch and wnt/wingless signaling (Axelrod et al., 1996) , has now been demonstrated to be upstream of both APP metabolism and tau phosphorylation. PS-1 interacts with both Notch and wingless signaling, independently inhibiting wnt signaling and stimulating Notch activation (Soriano et al., 2001) . De Strooper and Annaert note that Notch and wnt signaling are mutually inhibitory on at least three levels: PS-1 as noted above and Notch extracellular domain binding to wnt and at the level of dvl-1. Our results suggest that dvl might function to link tau phosphorylation with these signaling pathways. It is noteworthy that the effects of dvl on the cell are likely to be synergistic in that increasing evidence, although not fully understood, suggests that sAPP␣ has an important role in synaptic plasticity or in neuroprotection (Seabrook et al., 1999) . Similarly tau plays an important role in promoting stability of the neuronal cytoskeleton, and this function is modified by the mutations that cause frontal lobe dementias or by GSK-3␤ phosphorylation or by dvl-1 (Hong and Lee, 1997; Dayanandan et al., 1999; Krylova et al., 2000) . Dishevelled therefore increases the neuroprotective sAPP␣ and enhances the neuronal stabilizing properties of tau. This is in line with the previous observation that A␤ toxicity in neurons is reduced by lithium, which, like dvl-1, inhibits GSK-3 (Alvarez et al., 1999) .
In summary, we have demonstrated that dishevelled regulates ␣-secretase cleavage of APP, generating a more than twofold increase in the amount of sAPP␣ secreted by cells. This effect is mediated by JNK, PKC, and MAP kinase acting either in concert or independently. Dishevelled also inhibits GSK-3␤, reducing the phosphorylation of tau in the process, although GSK-3␤ activity has no bearing on sAPP␣ release. However, the fact that dishevelled mediates an increase in the production of the neuroprotective sAPP␣ and a decrease in the phosphorylation of tau links two processes, both of which have been shown previously to be protective of neuronal structure and function and both of which are important in AD pathogenesis.
